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The striking anisotropy observed in Huang scattering distributions near the intense Bragg reflections of
La1.2Sr1.8Mn2O7 is shown to be the result of orbitally polarized polarons in the paramagnetic insulating state
above TC . X-ray single-crystal diffuse scattering patterns from this bilayered colossal magnetoresistive man-
ganite are calculated in terms of the polaronic local structure and compared with experimental measurements.
At 300 K, the polaronic eg electrons occupy ‘‘out-of-plane’’ ~i.e., 3z22r2) orbitals, leading to MnO6 octahedra
that are Jahn-Teller elongated along the c axis, perpendicular to the perovskite layers. Between 300 K and TC ,
however, the ‘‘orbital polarization’’ is shown to shift into the a-b plane ~i.e., 3x22r2 and 3y22r2 orbitals!,
allowing the formation of nanoscale polaron correlations above TC .
DOI: 10.1103/PhysRevB.67.020409 PACS number~s!: 75.47.Gk, 71.30.1h, 71.38.2k, 71.45.LrThe Jahn-Teller ~JT! distortions associated with polaronic
charge carriers in the colossal magnetoresistive manganites
are one of the most important physical expressions of colos-
sal magnetoresistance ~CMR! phenomena, providing a
unique structural probe of the competing interactions that
govern their complex electronic, magnetic, and structural
phase diagrams.1 These subtle structures can be studied in
detail via advanced x-ray and neutron-scattering tools as
functions of physical properties, external fields, and synthetic
processing variables. Incoherent local distortions, for ex-
ample, probe the behavior of JT polarons2–5 through the un-
usual paramagnetic insulator ~PI! to ferromagnetic metal
~FM! transition, while coherent JT-coupled superstructures
probe the development of long-range charge and orbitally-
ordered insulating states.6–9 There has been considerable re-
cent interest in short-range polaronic correlations2,10–14 that
track the rise and fall of the resistivity across the PI-FM
transition. The formation of these features is not well under-
stood, particularly in the layered perovskites, where longitu-
dinal and transverse JT correlations coexist and possibly
compete.14 In the present work, we report a form of po-
laronic order in La1.2Sr1.8Mn2O7 that facilitates the formation
of nanoscale polaron correlations.
In La12xCaxMnO3 , powder pair distribution function
~PDF! and x-ray absorption fine structure ~XAFS! analyses
have been employed to identify the presence of hole-type Mn
d(eg) polarons in the paramagnetic insulating state that dis-
appear below TC , and to obtain an isotropic measure of the
local Mn-O distortions.3,4 Neutron powder diffraction data
from La222xSr112xMn2O7 reveal similarly anomalous in-
creases in the Debye-Waller factors just above TC , and dem-
onstrate that these phenomena extend to the layered perov-
skite systems.5 While techniques that involve powder
samples have been extensively developed, so that data col-
lection is relatively straightforward, the analysis of diffuse
scattering from powder data does lead to directionally aver-
aged information. Single-crystal diffuse scattering methods,
on the other hand, probe polaronic local structure in three-0163-1829/2003/67~2!/020409~4!/$20.00 67 0204dimensional ~3D! detail, without the severe feature-overlap
problems incurred when collapsing 3D reciprocal space fea-
tures down to one dimension. The recent x-ray diffuse scat-
tering study by Campbell et al.,14 for example, yielded a de-
tailed 3D model of polaronic correlation in La1.2Sr1.8Mn2O7
that exhibited length scales between 10 and 30 Å.
Striking single-crystal diffuse scattering patterns have
been reported around the Bragg reflections of
La1.2Sr1.8Mn2O7 , and are attributed to polaronic Jahn-Teller
distortions in the paramagnetic insulating state above TC .2
Quasielastic neutron-scattering measurements reveal these
highly anisotropic features to be static on the 10-ps time
scale. Their intensity falls off like 1/q2 away from the Bragg
scattering vector, indicating that local polaronic distortions
behave like anisotropic point defects in an elastic medium, as
illustrated in Fig. 1. Known as Huang scattering,15 such a
distribution is not produced directly from the local displace-
ments at the core of the JT distortion, but rather from the
long-range strain field that arises in the crystalline lattice in
response to the local displacements. Due to the inverse rela-
FIG. 1. Illustration of the model of an embedded MnO6 octahe-
dron in an elastic continuum matrix. The applied local forces In at
the positions of the apical oxygens are balanced by the induced
stresses in the matrix. The long-range strain field that develops,
illustrated by the warped grid lines, gives rise to the butterfly-
shaped Huang scattering patterns observed in x-ray diffuse scatter-
ing data.©2003 The American Physical Society09-1
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tering near the Bragg peak arises from the long-range strain,
while the polaronic local displacements produce scattering
that extends far from the Bragg peaks. The resulting scatter-
ing distribution can be simply interpreted as the magnitude
of the Fourier transform of the long-range strain field. Obvi-
ously, the scattering near the Bragg peak is more easily
handled because it is fairly localized in reciprocal space. The
direct scattering from the local displacements is widely dis-
tributed, thereby making it weaker and more difficult to mea-
sure and analyze.
The local displacements can still be probed, however, by
force-coupling them to the long-range displacements using
the method of static displacement waves.16 Because the mea-
surable Huang scattering distribution is close to the Bragg
peak, where the acoustic phonon frequencies are the domi-
nant contributors, we can conveniently treat the dynamical
matrix in the continuum elastic approximation, which only
requires replacing the eigenvectors and frequencies of the
lattice dynamical matrix with those of the elastic dynamical
matrix, and eliminating the optic phonons. Conceptually, we
~a! treat the crystal as a continuous elastic medium, ~b! em-
bed an MnO6 octahedron in the medium, ~c! apply balanced
forces to the apical oxygens, ~d! allow the medium to re-
spond to this local distortion by forming a long-range strain
field, and then ~e! calculate the diffuse scattering due to this
strain field.
In this approximation, the diffuse polaron scattering17 can
be expressed as
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where N is the number of unit cells in the crystal, M ~1092.6
g/mol! is the unit cell mass, x is the doping level, FG is the
structure factor for the Bragg reflection G, «a ,q, j and vq, j are
the respective eigenvectors and eigenfrequencies of the con-
tinuum elastic dynamical matrix associated with position q
5Q2G and phonon branch j, Im ,b is the Kanzaki force18
applied by a local JT distortion to local atom m located at
Rm , and greek indices represent vector components. The
scattering distribution surrounding reciprocal lattice vector G
also includes a contribution from thermal diffuse scattering
~TDS!,2 which can similarly be expressed as
ITDS~Q!5NuFGu2S kT2 D(b ,d QbQdS (j «b ,q, j* «d ,q, jMvq, j2 D , ~2!
where kT is the thermal energy scale. The TDS is only
weakly anisotropic compared to the polaron scattering, but
comparable in intensity. We have found that it is sufficient in
the present situation to include Kanzaki forces only on the
six oxygens of a single Jahn-Teller-distorted MnO6 octahe-02040dron. This involves three balanced central forces
(IO1,x ,IO2,y ,IO3,z) as shown in Fig. 1. Quantitative local
structural detail is extracted by treating the unknown forces
as fitting parameters, while comparing the calculated ~i.e.,
IPOL1ITDS) and experimental diffuse scattering patterns.
The collection of 36-keV x-ray diffuse scattering data
from a 63431-mm3 single-crystal sample of
La1.2Sr1.8Mn2O7 at the SRI 1-ID-C beamline at the Ad-
vanced Photon Source was described previously.2 Low-
temperature measurements employed a He displex unit and
x-ray detection employed a Ge solid-state detector. Neutron
triple-axis measurements of six independent accoustic pho-
non velocities were conducted using the BT-2 and BT-9
spectrometers at the NIST research reactor, with a graphite
monochromator, filter, and analyzer. These velocities were
used to construct the elastic dynamical matrix. Crystallo-
graphic indices refer to a standard unit cell with I4/mmm
symmetry and lattice parameters: a;3.86 Å and c
;20.05 Å.
A two-dimensional fit of the calculated diffuse scattering
in the ~h 0 l! section surrounding the ~2 0 0! Bragg reflection
against experimental x-ray single-crystal diffuse scattering
patterns has been employed to extract the three force param-
eters of this model at T5300 K. The calculated and experi-
mental results are shown as absorption-corrected log-scale
contour plots in Fig. 2~a!, including a panel that adds artifi-
cial noise to the calculated pattern in order to provide a more
realistic comparison. The vector displacement of the atom at
Rm , defined as its local position minus its average position
~i.e., um5rm2Rm) can be expressed in terms of the local
forces as
um ,a5E d3q~p/a !3 (b S (j «b ,q, j* «a ,q, jMvq, j2 D
3S (
n
In ,be
iq~Rm2Rn!D , ~3!
which involves a q-space integral over a sphere of radius
2p/a . Once determined, the local forces are inserted into
this expression, and the q-space integration is carried out
numerically. The local oxygen displacements determined in
this fashion are quantitative on an absolute scale by virtue of
the fact that the TDS contribution to the diffuse scattering
pattern serves as a built-in reference against which the
strength of the polaronic contribution is measured. The TDS
contribution is completely determined by the dynamical ma-
trix and the temperature.
At room temperature and G5(2 0 0), the three-
dimensional Jahn-Teller distortion was found to consist of
local displacements uO1,x5uO2,y520.012(3) Å and uO3,z
50.074(8) Å. By symmetry, each vector displacement in-
cludes one nonzero component parallel to the corresponding
force. The uO1,x and uO2,y displacements were set equal be-
cause the fit only tolerated a small difference between the
two that was found to be negligible. This effectively leaves
two free parameters in the local distortion: an overall dis-
placement scale factor and an out-of-plane to in-plane dis-
placement ratio. Both of these parameters strongly influence
the depths and curvatures of the cusps and the overall shape9-2
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keV! diffuse scattering data from the ~h 0 l! sec-
tions surrounding the ~2 0 0! Bragg reflection
@panels ~a!–~c!# and the ~1 0 17! Bragg reflection
@panels ~d!–~f!# at room temperature. Panels ~a!
and ~d! contain experimental patterns, whereas
panels ~b! and ~c! contain calculated patterns.
Panels ~c! and ~f! are identical to ~b! and ~e! ex-
cept that artificial noise has been added at the
experimentally observed noise level in order to
provide a more realistic comparison.of the pattern. The overall magnitude of the local JT distor-
tions observed here is roughly half that of the coherent JT
distortion observed in orbitally-ordered La0.5Ca0.5MnO3 ,6
but nevertheless significant.
We must consider the fact that eg electrons have both
d(3z22r2) and d(x22y2) type orbitals available, each of
which can be oriented in three different ways, i.e., with the
symmetry axis parallel to a, b, or c. One can imagine a
purely random orbital configuration that allows each of the
three orbital orientations to occur with equal probability so
as to yield a relatively isotropic diffuse scattering pattern. In
contrast, the strong anisotropy of the observed butterfly-
shaped pattern and the local distortion that produces it reveal
a population of Jahn-Teller polarons that are orbitally polar-
ized. The large octahedral stretch parallel to the c axis is
accompanied by a much smaller symmetric compression in
the a-b plane, indicating that the polarons primarily occupy
d(3z22r2) orbitals. This effect is not the same as orbital
ordering, as occurs in LaMnO3 . In the present case, the po-
laronic orbitals responsible for the Huang scattering are ori-
entationally correlated, but not spatially correlated. Evidence
of d(x22y2) orbital polarization has previously been re-
ported for the FM state below TC ,19–21 but the observation
of polaronic orbital polarization in the PI state above TC was
not made earlier.
The ~h 0 l! sections shown in Fig. 2 contain fully three-
dimensional structural information due to the fact that the
elastic constants couple a force directed along one axis to the
displacements along the other two. This section was chosen
because it is adequately sensitive to each of the three force02040parameters. In contrast, the ~0 0 l! section is less useful,
because the superposition of local distortion anisotropies
along the two symmetry-related a* and b* directions yields
a relatively isotropic result. Superposition is still accounted
for in the ~h 0 l! sections, but does not wash out the anisot-
ropy. It is accommodated by computing each pattern twice,
with local distortions that are related by a 90° a-b plane
rotation, and averaging the results. Note that the same set of
local displacements that matched the ~2 0 0! diffuse scatter-
ing pattern also reproduces the diffuse scattering around the
~0 0 10! and ~1 0 17! reflections. The center region of each
pattern in Fig. 2 has been removed in order to eliminate the
layered-intergrowth defect rod, which is temperature inde-
pendent and contributes nothing to the present analysis. The
lower right-hand corner of the ~1 0 17! pattern has also been
masked out due to a transition from reflection geometry to
thick-crystal transmission geometry.
The polaronic orbital polarization far above TC is unex-
pected and interesting in itself. Even more surprising, per-
haps, is the observation of a dramatically different orbital-
polarization state at 120 K, just a few degrees above TC
;112 K. Figure 3 shows a 120-K diffuse scattering distribu-
tion around the ~2 0 0! Bragg reflection that looks very dif-
ferent from the 300-K pattern of Fig. 2~a!. The local dis-
placements obtained from the fit to the 120-K data are
uO1,x50.081(7) Å and uO2,y5uO3,z520.024(10) Å. These
displacements reveal an octahedron that is now elongated
along one of the in-plane directions and slightly compressed
along the other two axes, indicating that the polaronic eg
electrons now occupy d(3x22r2) or d(3y22r2) type orbit-FIG. 3. Diffuse scattering data from the ~h 0 l!
section surrounding the ~2 0 0! Bragg reflection at
120 K. The format is identical to that of Fig. 2.9-3
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curred that preserves orbital symmetry but alters its orienta-
tion relative to the lattice. At room temperature, the occupied
orbitals have their symmetry axes perpendicular to the per-
ovskite layers ~i.e., out of plane!, whereas just above TC , the
orbital symmetry axis has shifted into the plane.
While the temperature dependence of the transition from
out-of-plane to in-plane orbital polarization is not yet known,
it occurs somewhere between 120 and 300 K. Neutron pow-
der diffraction data do reveal an anomalous but gradual in-
crease in the in-plane Mn-O bond distance within this tem-
perature range,5,22 but other anomalies have been reported.
Argyriou et al. have reported a transition from a polaron
glass to a polaron fluid23 near room temperature, which may
be related to the orbital polarization transition reported in the
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